The effect of photon processing (FO) on the formation of a heterojunction in the TiO 2 /QD'sCdS interface obtained by applying separately synthesized CdS quantum dots to the TiO 2 fi lm in the rutile phase has been studied. The changes of luminescence spectra and absorption of the investigated samples after this treatment discovered. It is shown that the separation of charge carriers occurs only after irradiation of samples with a powerful light pulse of a xenon lamp.
INTRODUCTION
Wideband gap semiconductors are used in photocatalysis, solar energy converters and optoelectronics. In the last decade, sensitization by other semiconductors with a smaller band gap has been used to expand the scope of application and increase the effi ciency of these devices [1] . In particular, titanium dioxide having a band gap in the rutile phase 3.05 eV is widely used as a wideband semiconductor. And to sensitize it in the visible region of the spectrum, chalcogenides of some metals, for example CdS, are used. In this case, the boundary between TiO 2 and CdS there is a heterojunction of type II according to Andersen [2] . The bottom of the cadmium sulfi de conduction band is located above the bottom of the titanium dioxide conduction band. This means that when the CdS is excited by light quanta, the photoelectrons pass into TiO 2 , the holes remain in the CdS. This is the process of separation of the photoexcited electron-hole pair, which leads to the effi cient operation of devices with such heterojunction. A similar situation occurs if the sensitizer is used in the form of quantum dots (QDs) [3] [4] [5] .
Crystal lattices TiO 2 and CdS very much differs, that leads to impossibility of creation ideal hetero-Popova Elena Vyacheslavovna, e-mail: elina.vacheslavovna@gmail.com junction between them [6, 7] . Consequently, the interface between them can contain various point defects, which will be an obstacle to the separation of charge carriers. This creates the need to search for treatment ways of a TiO 2 /QDCdS heterostructure to improve the interface and control the process of separation of charge. There is a method of treatment by powerful light pulses in which the rearrangement of the crystal structure of a substance is very effective [8] . This effi ciency is caused by the appearance of giant vibration amplitudes of a limited number of modes corresponding to some effective temperature, much higher than the equilibrium temperature. We used this photon processing (PP) method to treat the TiO 2 /QDCdS heterostructure in order to improve the properties of the interface. The control was carried out using luminescence and absorption spectra.
MATERIALS AND METHODS
2.1. Investigated samples Samples of TiO 2 /QDCdS were synthesized by the following way. At fi rst nanocrystalline fi lms of titanium dioxide were obtained. For this a thin titanium fi lm was formed on the surface of the fl uorofl ogopite substrate by electron-beam evaporation and condensation [9] . Then it was oxidized on air in a resistance heating furnace at temperatures of 673-1273 K during 60 minutes. This technique provided the formation of TiO 2 layers with a thickness of 0.8 μm. The synthesis of colloidal QD CdS was carried out under the conditions of the dropby-pouring out of aqueous solutions of CdBr 2 and Na 2 S into an aqueous solution of alkaline inert photographic gelatin with constant stirring of the reaction mixture at a temperature of 313 K [10] . Synthesis was carried out at pH = 7. The growth of QDs was stopped by the termination of a chemical process due to the cessation of the supply of precursor solutions to the reaction area. QDs CdS was released from gelatin by treatment in the solution of Pancreatin. To limit the aggregation of QDs ultrasonic treatment of the resulting suspension was used. The resulting aqueous suspension of QDs CdS was deposited onto a titanium dioxide fi lm. At the same time, measures were taken to ensure that the number of quantum dots did not exceed the value required for the monolayer. The samples were dried at a temperature of 300 K and placed in a chamber in which they were subjected to photon treatment by the radiation of high-power pulsed xenon lamps for 2 seconds. During the exposure time at the location of the sample, the radiation energy incident on an area of one square centimeter was 230 J.
METHODS OF INVESTIGATION
AND EQUIPMENT Rutile fi lms were studied using fast electron diffraction and transmission electron microscopy (TEM) on EMB-100BR and Tecnai G2 20F S-T (FEI) microscopes. The studies of QDs CdS were carried out on a Libra CarlZeiss 120 electron microscope and a Thermo ARLX'TRA X-ray diffractometer. The TiO 2 / QDCdS heterostructure was studied on a LEO 912 AB Omega transmission electron microscope.
The transmission spectra of the samples in the visible and near UV regions were measured on a spectrophotometer USB2000+(OceanOptics, USA). The luminescence spectra in the spectral range 400-860 nm were measured on an automatic spectral-luminescent complex consisting of an MDR-23 diffraction monochromator (LOMO, Russia), to the output slit of which the photomultiplier R928P was connected. The photomultiplier worked in photon counting rйgime. The power source was C4900-51 (Hamamatsu, Japan). Operation was carried out by a computer through the interface unit.
RESULTS AND DISCUSSION

Morphological characteristics
The TEM image of TiO 2 /QDCdS samples (Fig. 1a ) shows a block substructure with block sizes up to 100 nm. The grain size of which the blocks are made is about 20 nm. All refl ections of the electron diffraction pattern correspond to rutile (Fig. 1b ). The spectrum of the characteristic X-ray radiation of investigated samples ( Fig. 1с) indicates the presence of a small number of Cd and S atoms in addition to titanium and oxygen atoms. Peaks corresponding to copper are an artifact due to the subject grid. The relative intensities of the peaks indicate that the content of Cd and S in the samples does not exceed 1.0%. The data on the spectral properties of the synthesized samples given below confi rm the presence of the CdS phase on the surface of rutile fi lms. In fi gure 2a shows the TEM image of colloidal QDs CdS. Their size distribution is relatively wide, with maximum in the 3.25 nm region ( Fig. 2c ). Moreover, after their release from gelatin, the average size increases and becomes equal to 3.75 nm (Fig. 2d ). In fi g. 2b shows an X-ray diffraction pattern of these QDs, from which it follows that their structure corresponds to the cubic CdS crystal lattice. 
Optical characteristics
The absorption spectrum of a TiO 2 fi lm is shown in Fig. 3 , curve 1. The edge of the absorption band is located near 400 nm (~ 3.1 eV). It well corresponds to literary data for rutile [1] . Curves 2 and 3 of this fi gure are the absorption spectra of samples of a TiO 2 fi lm with QDs CdS deposited on it before and after the PP, respectively. It is clearly seen that they extend to 500 nm, where rutile practically does not absorb. This result agrees well with the data of [11] .The curves have maximum values at 420 nm (curve 2) and 440 nm (curve 3). Absorption of cadmium sulfi de begins in this part of the spectrum [5, 12] . The observed maxima correspond to the fi rst allowed transition of QDs CdS [13] .
Luminescence of the samples was excited by radiation from a wavelength of 365 nm (photon energy 3.4 eV). In this case, the energy of quantum is near the edge of the titanium dioxide absorption band. In the luminescence spectra of all samples there is a band at 850 nm (Fig. 3, curves 4-6) , what is consistent with the work [9] . This band is the most intense for TiO 2 fi lm (curve 4). Its maximum decreases approximately ten times after depositing the emulsion QDs CdS to the fi lm (curve 5). The PP leads to a signifi cant restoration of intensity, which reaches a more than 40% of the magnitude at the maximum before this treatment (curve 6).
The application of a fi lm of the emulsion containing QDs, leads to another very important result. A band with a maximum near 720 nm (curve 5) appears which corresponds to the quantum dots of cadmium sulfi de [14, 15] . But the most interesting is the fact of the complete disappearance of this band after the PP (curve 6).
Thus, the absorption and luminescence spectra make it possible to control the presence of a relatively small number of CdS quantum dots deposited on thin rutile fi lm, as well as to reveal the effect of the PP procedure on the optical properties of the TiO 2 /QDCdS samples under study.
Discussion of obtained results
Using the obtained results, we consider the physical processes that occur in the samples under study before and after the PP procedure. First of all, it should be noted that the absorption of untreated and treated of the PP samples TiO 2 /QDCdS in the range of 400-500 nm, where titanium dioxide in the rutile phase does not absorb, indicates the presence of cadmium sulfi de in them. The optical density of these samples at a wavelength of 365 nm is 0.23-0.24 ( Fig.3, curves 2 and 3, respectively) . The optical density at this wavelength of the TiO 2 fi lm is 0.11 ( Fig. 3, curve 1) . The difference between these values is 0.14-0.15. This value is the optical density of the cadmium sulfi de layer deposited on the fi lm in the form of QDs CdS. It will be used in further discussions on the intensity of the luminescence bands. In addition, the obtained value makes it possible to estimate the effective thickness of the QDs CdS layer. Indeed, the absorption coeffi cient of cadmium sulfi de in the near ultraviolet range reaches 1.5·10 5 cm -1 [16] . Therefore, the thickness 9-10 nm. This value is approximately 1.25 % of the fi lm thickness, which is in order of magnitude in good agreement with the above data on the concentration of Cd and S elements obtained by x-ray atomic analysis. It should be borne in mind that the contribution of light scattering by quantum dots was not taken into account in this estimate. Therefore, the resulting thickness of the QDs layer is too high.
As noted above, the presence of maxima on curves 2 and 3 (Fig. 3) is a sign that cadmium sul-fi de after depositing the suspension QDs CdS on the fi lm is stored in the form of quantum dots before and after the PP. Their position relative to each other (420 and 440 nm) indicates that the size of QDs CdS increases slightly after FO. Indeed, the shift of the absorption edge by 20 nm to the longwave side of the spectrum corresponds to an increase in the size of the nanoparticles by only 0.1 nm [13]. Therefore, if the size of the QDs that were deposited on the TiO 2 fi lm had an average size of 3.75 nm prior to the PP, then after the PP their average size should be equal to 3.85 nm. The increase in the average size of QDs as a result of the PP occurs, apparently, due to the destruction of the smallest particles. Curve 3 is above the curve 2. We assume that this is due to the increase in light scattering in the samples under study as a result of the PP. For the fi nal conclusions, this fact is not of great importance. Now we turn to the rest of the curves of Fig. 3 , which are luminescence spectra. The decrease in the intensity of the band at 850 nm by a factor of ten after depositing the aqueous suspension QDs CdS (Fig. 3, curve 5) can occur for two reasons. The fi rst reason is the partial absorption of the exciting radiation by the QDs CdS layer. Indeed, if the optical density of the QDs layer located on the TiO 2 fi lm in the region of 365 nm is approximately equal Fig. 3 . Luminescence spectra at 77 K of TiO 2 fi lm (curve 4) and TiO 2 /QDCdS heterostructure before (curve 5) and after the PP (curve 6). The luminescence was excited by radiation with a wavelength of 365 nm. Inset: absorption spectra of TiO 2 fi lm (curve 1) and QDs CdS before (curve 2), and after the PP (curve 3)
to 0.14-0.15, the intensity of the exciting radiation reaching the fi lm will be 70 % of the value in the absence of the CdS layer. The second reason is presumably the enhancement of nonradiative transitions that occur due to moisture residuals after drying of the fi lm. After the PP procedure, the intensity of this band is partially restored (curve 6). Its intensity at the maximum increases approximately four times, reaching a little more than 40 % of the maximum value before the PP. This result cannot be explained only by the absorption of exciting radiation by QDs CdS layer. It would be assumed that the channel of nonradiative transitions after the PP continues to exist, although it is signifi cantly weakened. However, the experiment showed that the band at 720 nm after PP completely disappears, which contradicts the partial weakening of the channel of nonradiative transitions. This contradiction cannot be explained by the evaporation of QDs under the infl uence of the PP, since the maxima corresponding to the fi rst optical transitions of QDs CdS are present in the absorption spectra ( Fig. 3, curves 2 and 3) .
But it is easy to explain by the fact that after the PP heterojunction in the interface between microcrystals of TiO 2 fi lm and QDs CdS occurs. In this case, the electrons excited in the QDs CdS must pass to the titanium dioxide fi lm, leading to the disappearance of the 720 nm band. The result is that the intensity of the luminescence band at a maximum of 850 nm after the FA (Fig. 3, curve 6) does not reach 70% of the initial value (curve 4). This can also be explained by the emergence of heterojunction. Indeed, when the microcrystals of the TiO 2 fi lm are excited by radiation, part of the holes localized on the centers of luminescence, which are intrinsic lattice defects [14, 15] . Another part of the free holes can go to QDs CdS due to the charge separation process in the presence of heterojunction. If their number is about 30 % of the total, the intensity of the maximum luminescence of the titanium dioxide fi lm with QDs CdS at 850 nm should be 40% of its intensity without QDs. Since the intensity of the band maximum at 850 nm after the PP is exactly this value, and the band at 720 nm disappears, it is quite likely that the heterojunction is established as a result of this procedure.
CONCLUSION
As a result of the experiment and discussion of its results, the following conclusions can be drawn.
1. Complex studies of samples of TiO 2 /QDCdS using electron microscopy, x-ray atomic analysis, luminescence and absorption spectroscopy were given the opportunity to establish that the photon processing forms a heterojunction in the interface between the QDs and microcrystals of TiO 2 fi lms.
2. It is possible to reliably establish the fact of the separation of charge carriers occurs at the heterojunction by measuring the luminescence spectra of the samples TiO 2 /QDCdS.
3. The application of an aqueous suspension of QDs CdS on TiO 2 fi lm and subsequent drying of the samples does not lead to the formation of a heterojunction. In this case, QDs CdS have good luminescence, and the intensity of the TiO 2 luminescence band decreases sharply due to nonradiative transitions.
4. Photon processing of the studied samples within a few seconds signifi cantly restores the intensity of the TiO 2 band. The luminescence of QDs CdS is completely quenched.
5. The titanium dioxide fi lms obtained by heat treatment in air a previously deposited layer of titanium at a temperature of 673-1273 K are formed in the phase of rutile and have a block structure with block sizes up to 100 nm. The blocks consist of grains, the size of which reaches 20 nm. 
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